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SELECTION OF A W OREHYPERSONIC V E L O C I T I E S  

ABSTRACT: The se lec t ion  of S h e  shape and general dimensions 
of  a wing moving a t  hypersoni'c speed is  considered as an 
extremal problem w i t h  respect t o  m i n i m u m  drag a t  a g iven  
1 i f t ,  volume, leading edge  temperature, and o ther  parameters. 
T h e  cha rac t e r i s t i c  parameters o n  w h i c h  t h e  optimum p r o f i l e  
of t h e  longitudinal cross-section depend a r e  determined w i t h  
emphasis on t h e i r  values, whi'ch separate  those cases of known 
and unknown volume. I t  is shown tha t  there e x i s t s  a r e l a t ive  
w i n g  t h i c k n e s s  f o r  w h i c h  t h e  l i f t -d rag  r a t i o  a t t a i n s  t h e  
maximum value a t  a given detrimental drag, and a l so  tha t  a 
spherical segment is  t i m u m  shape fo r  a lead- 
i n g  e d g e  i n  t h e  s tag  n .  The  N e w t o n  "law" 
f o r  pressure and t h e  n coe f f i c i en t ,  w h i c h  
is i n d e p e n d e n t  of t h e  w i n g  shape, a r e  used fo r  solving t h e  
problem. Certain general cha rac t e r i s t i c s  o f  t h e  w i n g  which 
depend on t h e  angle o f  a t tack  a r e  cot 
maximum possible values 

law. 

sidered. Estimates of 
r a t i o  obtained here a re  
C ermi t t i n g  
d according t o  Newton's 

is considered as an extremal 
lift, volume, leading edge 

The se l ec t ion  o f  wing shape and d i  
problem with respect  t o  m i n i m u m  drag a t  
temperature and o ther  parameters. The r i s t ic  parameters which de ter -  
mine the optimum p r o f i l e  of the long i t  
'in p a r t i c u l a r  t h e i r  values which sepa 

oss-section a re  determined, and 
of known and unknown volume. 

1~ 
i I t  is  shown t h a t  t he re  i s  a re la t i  ing  thickness f o r  which t h e  l i f t -  

ag r a t i o  assumes a maximum value when detrimental  drag i s  assigned. A 
her ica l  segment is  not  always the  opt 
c, inity of the stagnation point .  

shape f o r  the leading edge i n  the 

! 
The se l ec t ion  o f  wine: shape and dimensions can be formulated as an 

eli~reiiiai pruoieiii IUI arag, AirL-arag r 
aolant  consumption when the volume, s 
e la t ions  a re  specif ied.  

I 

roblem i n  a s u f f i c i e n t l y  general form without systematic large-volume computa- 
ions.  

o f  t he  above quan t i t i e s  or o the r  

I t  becomes necessary t o  use t h e  s lest "laws" t o  solve such an extremal 

The present  a r t i c l e  adopts Newton's Law f o r  pressure and the "average" 
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e f f i c i e n t  of  f r i c t i o n  which 
a tu ra l ly ,  i n  t h i s  case, shape reaks are not considered and the  

e f f e c t s  produced by the  i n t e r a c  s, shock waves, and the  boundary 
layer  a l s o  cannot be taken in to  hould bear  i n  mind t h a t  i n  hypo- 
t h e t i c a l  f l y ing  machines it i s  para te  the  wing from the engine. 
The above statements define the  xtremal problems a s  l i m i  
estimates of cha rac t e r i s t i c s  a a to r s  r a t h e r  than d i r e c t  
cal recommendations. 

pend on the  shape of the  wing. 

If the  wing volume i s  not  known we can assume t h a t  i t s  lower p a r t  i s  
p.lane, and t h a t  the upper p a r t  i s  i n  the  tfshadow71 ( the  region of  break-away 
flow). 
given by the  following 

Then according t o  Newton's Law the l i f t ,  drag, and l i f t - d r a g  r a t i o  a r e  

X = 2qS(co +- sin? a) 
K = sin2 a cos a / (CO + sin3 a) 

I t  i s  assumed t h a t  the  coeff ic ient  of fTdetrimental 'v drag ~0 includes 

res i s tance  t o  f r i c t i o n  and the  
of  i t s  upper s i d e  and t h a t  t h i s  
a t tack.  The maximum l i f t - d r a g  

edge of the wing as well  as 
not  depend on t h e  angle of 

The corresponding angle of attack is d e t  he r e l a t i o n  

- 
The l i f t - d r a g  r a t i o  curves have a maximum value only if am < 54O44I. 

The l i f t - d r a g  r a t i o  curves f o r  a l l  co where a > a 
This angle corresponds t o  the  maximum possible  l i f t  and an i n f i n i t e  quant i ty  
c a re  found between the  

I t  i s  obvious t h a t  a l i f t - d r a g  r a t i o  grea te r  than 2 can be 

0 '  m 
urve ctga,  which gives the  l i f t - d r a g  r a t i o  f o r  an "ideal" p l a t e  (Fig. l ) ,  
nd the curve Km. 

bbtained only when the  angles of attack are a < 20-25',. i . e . ,  when they are 
l a t i v e l y  small, This study per ta ins  o a t h i n  wing a t  low angles of a t tack .  

1 -  Prof i l e  of the longitudinal cross- 
section. 
2 s  included at  t h i s  t i m e  i n  the  detrimental  
drag characterized by the  coe f f i c i en t  co . We 

assume tha t  the  wing surface does not  contain 
regions of f i n i t e  area with zero pressure 
and w e  designate t h e  lower and upper s ides  of  
the wing by the  pos i t i ve  functions z1 (x, y) , 
z 2  (x, y) .  

Th e drag of t he  leading blunt  edge 

If w e  assume t h a t  the  wing is  
g. 2) w e  have 

/ 
Figure  1 

2 



Figure 2 

We s h a l l  seek the  minimum value f o r  drag when t h e  l i f t  and volume V are 
known, i . e . ,  the  minimum value of t he  functionall  

When t h e  first va r i a t ion  of (1.2) i s  equal t o  zero w e  have 
""- . - 

The boundary values a t  the  edges have the  form 

I 
(1.4) 

If we assume t h a t  the  coordinates z 1' z 2 at the  leading edge a re  known 

d t h a t  w e  have na tura l  boundary conditions a t  the  t r a i l i n g  edge, w e  obtain 
e following f o r  the  t r a i l i n g  edge: 

-- i_l__ 

Zir(3Z1x --.21) = 0, 22,(3z2, + 2)") = 0 (1 05) 

Integrat ing (1 .3)  and determining the  constants from (1.5) we obtain 

lThe problem of the wing of minimum drag i s  considered i n  [1,2]. 

3 
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O f  the  four  roots  of (1.5) only t w q  s a t i s f y  the  condi 

i . e . ,  the pressure becomes equal t o  z t r a i l i n g  edge o f  the  
n t h i s  manner the  p l  

“ -  

rt of  the  wing. When the  roo 
u ld  be rktained i n  f ron t  of 

In tegra t ing  (1.6) and assuming t coordinates zl0, z a t  the  
leading. edge are kn 20 _ “  

zi-zio = f /3h  (I - Io) + 2 (Vp)  { t ‘ / 9 h 2  + ‘/3pb-* (51 - Z 0 ) p  - - [ ’ /*A2  + ‘ / 3 p b - ‘ ( q  - 2) p”} 

We note t h a t  t h e  f ac to r  1-1 < 0 does not  s a t i s f y  the conditions of  the  prob- 
lem because i n  

angle o f  a t tack  is  a = 1/3A. 
t h i s  case z2i < 0. emal p r o f i l e  is symmetric and +he 

ompute X, Y ,  V: 

Here 

0 

- I  . .̂  

(1.10) 

.L - 
-I 

The ordinate  of the  p r o f i l e  f o r  the  longi tudinal  cross sect ion of  the 
~ wing i.r 

(1.11) 

I t  is obvious from equations (1.8) t h a t ,  under the assumed conditions, the  
acteristics of the  wing are af fec ted  only by the  d i s t r ibu t ion  of wing a rea  
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across the  span and not  by the plan f o q .  
determines the  shape of t h e  p r o f i l e ,  degends only on the  parameter 

The value of parameter w, whicT---*- 

* 

(1.12 

racterist ic f o r  var  i n  which the minimum 
sought when the l i f t  and volume 

The problem of  the  maximum l i f t - d r a g  r a t i o  f o r  a known volume, i . e . ,  t h e  
9 

problem of the  minimum value of t he  functional X/Y-vV/b3, i s  reduced t o  t h e  

preceding one i f  we assume t h a t  X = 1/K, 1-1 = vY/2qb , where v i s  an indeter-  2 

minate fac tor .  

Equations (1.8) acquire the form 

(1.13) 

Thus, i n  t h e  given case, the chara erist ic parameter which determines 
o of t he  lldetrimental" drag t o  the  the  shape of the p r o f i l e  w i l l  be the  ra 

2 3  wave d r a g  coS/b v . The functional is 

When w -t 0 expression (1.11) f o r  z t  becomes 

- /43 

(1.14) 

I 

i . e . ,  the  p r o f i l e  changes t o  a wedge with the  upper s ide  along the  flow. 

We use the  expansion (1 + 3 ~ 1 ' ) ~  t o  f ind  the  values of  t he  cha rac t e r i s t i c  
parameters corresponding t o  w = 0 .  

By in tegra t ing  w e  obtain 
- . .~ 

i s ( w ) =  1 + n ( 3 ~ ) s ~ + ~ / 2 ? 2 ( ? 2 -  1) ( 3 ~ ) % $ ~ / 2 - ~ / 3 n ( n -  1)x 

lThis  parameter is  discussed i n  [7] 
2This  parameter i s  cha rac t e r i s t i c  o 

was generously provided by the author. 
var ia t ion  problems i n  which the  volume 

5 



- ff (0) = f/3 (32 

y. 

.2) w e  obtain 

(1.15) 

2 '  
Y 

Consequently w = 0 when v IC. = s2 /4sl* Similar ly ,  from (1.13) we have 

---=-"---- -- 
=U 

bzu3/coS = (sz3 
---- 

and w becomes equal t o  zero when 

b2v3/cos (1.16) 

The p r o f i l e  of  t he  longi tudinal  cross-section i s  symmetric and convex 
(optimum d i s t r ibu t ion  of volume on both s ides  of  t he  ve loc i ty  vector) when 

In  order  t o  complete the  computations it is necessaiy t o  use the  function 
r 

Z ' (y l ) .  We w i l l  apply it i n  the  form 2' = Z;(l - y l )  . In tegra ls  i can be n 
I computed i n  f i n i t e  form when r = . . . 1 / 2 ,  2/3,  1, 2. Let us compute them f o r  

r = 1 and r = 1 / 2 ,  

In t h e  case when r = 1 
o'= or 

In the  case when _- Y -/_L r = __ 

%-i (i+ W 3 )  3 
fi'(0') = - - 150'2 

(z/s)'{ 4 ~~(l+h:'/:-l (I+%')'/a-i fz'(o')= - - 
3w' 90 '2  * 

- 
5 
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character is  t i cs  
increases without bounds as the  square of t h i s  parameter, and when t h i s  param- 
e ter  is  large the wing p r o f i l e  of min 
i s  known [1,2] ,  is  

g, where the  volume of  the  wing 

When the  wing has a large area i n  plan form (r.= 1/20), with the  same 
cha rac t e r i s t i c  parameter, the p r o f i l e  is  less convex and changes i n t o  a wedge 
when the  values of the cha rac t e r i s t i c  parameter are large.  

aracterist ic parameter g The var ia t ion  i n  w '  and f '  as a function o 1 
in t e re s t ing  difference from the  preceding case i s  t h a t  the parameter var ies  
within defined bounds. 

Figure 4 shows the  

2 '  

4 

Figure 3. Figure 4. 

Thus the-optimum p r o f i l e  of  the longitudinal cross-section o f  t he  wing 
remains convex when the  cha rac t e r i s t i c  parameter $/c var ies  from a t o  ' 

2 3  Y 
2/4sl and the  parameter,coS/b v var ies  from zero t o  4s1sZ3. When the  

a r a c t e r i s t i c  parameters have values oE s2'/4sl, and 4sl/s23, t he  optimum 

a r a c t e r i s t i c  parameters are var ied fu r the r  t he  r e c t i l i n e a r  lower generatr ix  
# o f i l e  becomes a wedge with the upper s ide  directed along the  flow. A s  the  

remains optimum while the  upper one i 
should be noted tha t  under the  assump 

"shadow" becomes a rb i t r a ry .  I t  
of a t h i n  wing, a displacement of * 

7 



1 - 
the  longitudinal cross-section i n  plane-,yz, where t h e i r s  lopes remain constant,  

e n t l y  the  shape of  

Let us consider several  general v a r i a  
c t ion  of the angle of  a t tack .  For  an 

If t h e  p r o f i l e  is  symmetric, then 

Variation i n  the l i f t - d r a g  r a t i o  as a function o f  the angle of  attack, - /45 
may be represented i n  the  form (Fig. 5, curve 1) 

” -  

* I  a 
a0 = - 

am 
K 2% k=-= 

Here Km = 1/3am is the  maximum value of the l i f t - d r a g  r a t i o  and am is  the  

corresponding angle of attack. In  the  case o f  a wedge-like p r o f i l e  of rela- 
3 ve thickness 2c, w e  have i = cS, i = c S. Therefore 11 1 

- _ _  

(2.1) 
I .  ~ 

Men c0/c3 < 4, the d i s t r ibu t ion  o volume i s  optimal on both s ides  o f  the 

ve loc i ty  vector;  when c0/c3 = 4 the  upper s ide  of t he  wing is  d i rec ted  along 

the  flow, i . e . ,  the e n t i r e  volume is  below the ve loc i ty  vector’. 
coef f ic ien t  of detrimental drag is  know , the  optimal i ve  thickness and 
the corresponding l i f t - d r a g  r a t i o  a r e  

If the  

p/3co’;l, 

~~ 

l I n  [7] it is  assumed a p r i o r i  t h a t  per  p a r t  i s  plane and d i rec ted  along 
the flow. 
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t h i s  case the generatrixes of t h e  uppbr s ide  are d i rec ted  along t r f l o w .  

fect of  r e l a t i v e  thickness on the maximum l i f t - d r a g  r a t i o  is  equal t o  
v2 f l 2 ( 0 )  - 
cv fd0) 
_- 3, curve 2) 

_ _  

* 

If the  thickness is  equal t o  t h e  op , t he  r e l a t i v e  f r i c t i o n  
drag is  1/3 of the  t o t a l  drag [1,4]. 
function o f  cha rac t e r i s t i c  parameter f o r  a wedge-type 

Variation i n  the  l i f t - d r a g  r a t i o  as a 
i l e  is 

.. . 

The corresponding curves are shown by t h e  dot-dash l i n e  i n  Figure 4 .  The 
difference between the l i f t - d r a g  r a t i o s  o f  wings with the  optimal and wedge- 
type p r o f i l e s  i s  s l igh t ' .  a t i o  of  a wing with cy l indr ica l  
surfaces i s  qu i t e  c lose  t o  t h a t  mum p r o f i l e  o f  longitudinal 
cross-section. We see  i n  [4] t h a t  i n  the  case of a f l a t  llhomothetic'l body a 
conic surface is  optimal. 

Thus t 

If the wing volume i s  not known, the 
optimal surface fo r  the lower s ide  of the wing 
is  a c y l h d r i c a l  surface w i t  
constant slope a. Consequently, 

Y=ZqSa2, . X 
* 2'13 

K, = s/aa, = - a m  = ( 2 4  l'3, Figure 5 3cv  

a generatix of 

. *  
/ 

The r e l a t i o n  k = k (a") i s  shown Figure 5 (curve 3 ) .  

I When the volume i s  not  known the  
has no e f f e s t  on t h e  l i f t - d r a g  r a t i o .  

< 4) the  d i s t r ibu t ion  o f  

t r i bu t ion  of  wing a rea  over the span 
t h e  o ther  hand when the volume is  

a i s  governed by the  r e l a t i v e  thick-  own (co/c 

ss c = v/s2, and r a the r  s t rongly so, not only when 26 i s  known, but  a l so  

when the  wing area i s  known. 

l i f t - d r a g  r a t i o  of the wing whose plane form is  character ized by the  exponent 

Thus, f o r  example, when the  parameter g2 = 0 the 

- /46 
= 1 / 2  i s  17% l e s s  than t h a t  of  a d e l t a  wing (r = 1) .  

I t  is  obvious from equations (2.2) t h a t  the  parameter V2/3/S 

t h e  area of t he  surface over which flow takes place,  cannot be a character-  
ist ic parameter i n  the  general case 

where S is  
u P' P 

se it does not  contain c Also 0 '  
rw power which contains the  r e l a t i v e  t ess  is  d i f f e ren t  f o r  bodies of 

shape " "- 

9 
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Since i n  the  case of o p t i  

the var iab le  funct ionals  (1.10 
i! (y) ; t he  var ia t iona l  problem w 

r i v i a l  so lu t ion  Z(y , i n  order  t o  determine it 
n a l  information, wh 

longi tudinal  cross-sect i  
l y  t he  value of  the  wing chord 

Z(y) has no so lu t ion  i n  

nted i n  t h e  following 

ing the  optimal dimens 
ing  which is  made up of cyl in-  

I t  i s  obvious from the  ab 
the wing it is  qu i t e  permissib 
d r i ca l  surfaces ,  i . e . ,  t o  mak (2.1). If the  l i f t  and t h e  
wing volume a r e  known, the d r  

- ---- 

Variation i n  the quant i ty  which i s  proportional t o  the  wave drag 
- 

(X/2qb' - c&/b') 10'50-3 

as a function o f  the  parameter g1 is  shown i n  Figure 6 by the dot-dash l i n e  

together with the  corresponding curves f o r  a wing with optimal p r o f i l e .  The 
difference i n  the l i f t - d r a g  r a t i o s  here is  somewhat grea te r  than i n  Figure 5.  
I t  follows from equation (2.3) t h a t  when Y and.V a r e  known it is possible  t o  
have optimal semi-span b and area d i s t r ibu t ion  over t h e  span. 

If the  problem concerning the  optimum 
length of t he  wing i s  meaningful i t s  so lu t ion  
requires  t h a t  w e  take i n t o  account t he  var ia -  
t i on  i n  t h e  f r i c t i o n  coef f ic ien t  as a function 
of length.  

3. The shape of the leading edge  of the 
wing. 
a t t a i n s  i t s  grea tes t  value a t  the leading edge. 
Consequently i t s  shape m u s t  be se lec ted  i n  such 

way t h a t  the  temperature does not exceed the permissible value, o r ,  i f  t h i s  

For small angles of attack the thermal f l u x  

is  impossible, the  given temperature must be maintained by a cooling system. 
In the first case t h e  capab i l i t i e s  of a material w i l l  be completely u t i l i z e d  
t o  reduce the wave drag of  the edge i n  the case when the temperature along the  
e n t i r e  length o f the  edge has a maximum permissible value based on s t rength  
conditions.  We s h a l l  l i m i t  ourselves t o  t h i s  case and w i l l  consider the drag 
of  t he  edge independently of  the remaining pa r t  of t he  wing. 

l e  i n  t h e  case where the  volume is n o t  known o r  where the  given volume can 
This is  permiss- 

found on the  bas i s  of the  bottom region. Let us  assume t h a t  the  leading edge 
has the shape of a semicircle i n  t h e  cross sec t ion  normal t o  the  arc a($) (Fig. 
2 ) .  Then i t s  surface can be given i n  a parametric form 

LO 
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The cosine of the  angle between the ve loc i ty  vector  and the l i n e  normal 

surface i s  

[.I sin cp + cos e cos cp (d,+ r cos e)] cos a - sin 0 (0' + r cos 0) sin a. cas' (npV) = I  I 

,""+(d+ r c o s q 2  
I 

When the  angle of  a t tack  is a = 0 ,  drag of  the  leading edge is  

9, !h 

o 
( 3  r[Jsincp+ C O S  e cos &'+ rCOS e p  

x 0 = 2 q  J $ dq d0 
fa + (a' + cos 0)2 

- ---- __ __ 

t o  

4 

The condition t h a t  the  maximum t e  e ra ture  remains constant a t  the  edge 
n be approximated i n  the form 

(3 .3)  

Here R is  t h e  average radius of cu 
e s t rength  of the material. 
onal problem b 
e d i f f i c u l t i e s  

I t  

c 

Let us  assume t h a t  r '  < CT' 

I t  can be shown t h a t  t he  se 
t eg ra l  s ign with respect  t o  o f  

egendre condition is  s a t i s f i e d .  

.. 
ase the  poin t  $1 i s  not an angular point .  

e o f  t he  expression under the 
e r  than zero. Consequently the  

The external  value may include of s t r a i g h t  l i n e  L i f  i n  t h i s  
Then the  t o t a l  drag of  t he  edge 

w i l l  be 
t 

The width and length of the  wing 

(3 .4)  

-, ,, . _. _.. .". ..... 

11 
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s s i b l e  t o  formulate var ious isoperimetr ic  var ia t iona l  problems. 

erm P ($, $1) 

(3.5) 

4 t i o n  a t  the point  0, 
is  na tura l ,  Euler 's  

so lu t ion  depends on 

If D < 0 the re  i s  one r e a l  root:  

.!a 

If D > 0 then a l l  three roots  are real: 

If w e  take i n t o  account the cont indi ty  condition f o r  the  curvature at 
* .  e poin t  $1 we have 'for t h e  function P: 

The external  value does not contain a r e c t i l i  ar sect ion;  width and 
ength of the  wing are known ( A ,  are indetermin 

The 
h d t h  is 

1 2  

- ____l- 

P == -2(A cos 'p + p sin rp) I co 

extrema1 value contains a rect  c e i t h e r  t h e  length o r  
given. Then 

sin .s, cos5 'pl 

4 sim q1 cos5 'p 
- ea' rpl 

4cos'rp 
P =  , P =  



e width of  t h e  
R. To solve t h e  problem 
To use t h e  method o f  d i r e c t  var ia t ion .  

c 

For the  drag of the leading 

a If t h e  area and leng the  

, on the  o the r  hand, the  area and the  width are known, then 

* .  
i f i -  -4.2 

-_  
&en the width i s  b/R % 1.2 the optimum 
$/R a r e  grea t ,  minimum drag is  achieved 

t i t y  RO/R 1 i s  a l so  optimal when the  

e a rea  and the length o f  t he  wing are 

se varies. The optimum r a t i o  R /R  i n  0 
~~ 
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If the leading edge o f  the  wing is  4 if w e  can assume t h a t  r ' Q cr' 
and r '  -4 0' the  drag f o r  angle of attack a i s  given by [SI. 

a 

I t  i s  obvious from (3.4) and (3.6) t h a t  the  extrema1 problem of the  mini- 
mum temperature ( the magnitude o f  1/R)  when the drag i s  known, i s  equivalent 
t o  the problem o f  the  minimum drag at a given temperature. 

4. The  s h a p e  o f  a w i n g w i d t h o f  known vo lume .  I t  is obvious t h a t  i n  the  
case where the wing volume is  known and the  bottom region cannot be used t o  
determine t h i s  volume ( the t r a i l i n g  edge i s  s t r a i g h t )  it i s  necessary t o  seek 
the  minimum t o t a l  drag of the leading edge and o f  the remainder of  the  wing 
i n  order  t o  determine the  wing shape. This problem has t o  be solved by the 
method of d i r e c t  va r i a t ion .  Let u 
o f  the wing a re  cy l indr ica l  and th  
respect t o  the ve loc i ty  vector a re  a and 8 ,  respect ively.  
5 = 1 /2  ( a + B) and rl = 1/2(a - 6) assuming t h a t  edge i s  th in ,  we have the  

the lower and upper surfaces  
o f  the  generatrixes with 

If we designate 

/ 49 following equations f o r  t drag, l i f t  " -. and wing volume. - 

Q 

is  

14 

The maximum l i f t - d r a g  r a t i o  Km = 1/3rlm w i l l  ex i s t  when the  angle of  a t tack  

(4.3) 

(4.4) 

The volume should be considered as known i f  

'13 + 



us of curvature $or he s tagnat ion point i s  

We assume i n  both cases t h a t  the  width o e wing and i t s  a rea  are 
known. 

Figure 7 .  
The r e s u l t s  of calculat ions f o r  s1 = 1.5, c = 0.001 a r e  shown i n  F 

Under the spec i f ied  conditions a decrease i n  2 ’  caused by an increas  0 
i n  n i n  case (1) and by an increase i n  06 i n  case (2) r e s u l t s  i n  a reduction 

i n  the l i f t - d r a g  r a t i o .  For la rge  r e l a t i v e  volume 
i b l e  temperature of the  leading edge (an inc re  s not lead t o  

a large decrease i n  t h e  l i f t - d r a g  r a t i o .  

a decrease i n  the per-  

. . %  

The evaluation of  the maximum possible  value of  t he  l i f t - d r a g  r a t i o  using 
ton’s  Law, obtained i n  t h i s  work is very c lose  t o  t h a t  found f o r  pointed 
ies constructed with the  a i d  of the  stream surfaces  o f  two-dimensional 
w s  [6].  
, especial ly  s ince  the  optimum shapes a r e  c lose t o  pyramidal. 

This makes it possible  t o  ver i fy  the  computations based on Newton’s 

X L  

1 1  
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